The TrkH/TrkG/KtrB proteins mediate K 1 uptake in bacteria and probably evolved from simple K 1 channels by multiple gene duplications or fusions. Here we present the crystal structure of a TrkH from Vibrio parahaemolyticus. TrkH is a homodimer, and each protomer contains an ion permeation pathway. A selectivity filter, similar in architecture to those of K 1 channels but significantly shorter, is lined by backbone and side-chain oxygen atoms. Functional studies showed that TrkH is selective for permeation of K 1 and Rb 1 over smaller ions such as Na 1 or Li 1 . Immediately intracellular to the selectivity filter are an intramembrane loop and an arginine residue, both highly conserved, which constrict the permeation pathway. Substituting the arginine with an alanine significantly increases the rate of K 1 flux. These results reveal the molecular basis of K 1 selectivity and suggest a novel gating mechanism for this large and important family of membrane transport proteins.
K 1 is highly concentrated in all living cells and plays diverse physiological roles such as setting membrane potential 1 , regulating turgor pressure 2 and maintaining intracellular pH [3] [4] [5] . Because K 1 is virtually impermeable to the cell membrane, specialized K 1 transporters have evolved to mediate its uptake. In animal cells, K 1 uptake is mainly achieved by the Na 1 /K 1 -ATPase 6 , whereas in non-animal cells, the task is shared by at least two different systems, one of which, the superfamily of K 1 transporters (SKT proteins) 7 , is the focus of this research.
An SKT protein has four tandem domains with low homology to each other, each resembling a single protomer from a simple K 1channel with a predicted M1-P-M2 transmembrane topology [8] [9] [10] . M1 and M2 are transmembrane helices that are connected by P, the re-entrant pore loop, which is composed of a half-membranespanning helix followed by an extended loop 11 . In K 1 channels, the half-membrane-spanning helix is called the pore helix, and the extended loop harbours the highly conserved signature sequence TVGYG, which forms the selectivity filter responsible for the coordination of K 1 . In SKT proteins, the equivalent sequences in the P-loops are less strictly conserved. It has been proposed that SKT proteins have a structure that resembles K 1 channels 9,10,12 . Results from functional studies have been consistent with this view: mutating a conserved glycine residue in the P-loops changes ion selectivity of SKT proteins in bacteria 7, 13 and plants 14 ; whereas epitope tagging of a yeast SKT protein showed that its transmembrane topology is consistent with four M1-P-M2 repeats 15 .
Studies have shown that the selectivity of K 1 channels is highly sensitive to changes to the structure of the selectivity filter. Introducing point mutations to the signature sequence of K 1 channels compromises K 1 selectivity 16 ; and the NaK channel, which has a slightly modified signature sequence of TVGDG resulting in an altered selectivity filter conformation, is essentially non-selective between K 1 and Na 1 (ref. 17) . How, then, can the selectivity of the SKT proteins be maintained, given that their signature sequences are so highly degraded ( Supplementary  Fig. 1 )? Furthermore, if SKT proteins have the architecture of a K 1 channel pore, how is transport of K 1 controlled? To address these questions we targeted the bacterial TrkG/TrkH/KtrB proteins, the largest sub-family of SKT proteins, for structural and functional studies. The importance of these proteins in bacteria has been shown in Escherichia coli, which does not grow in less than 5 mM K 1 when its trkG and trkH genes are deleted 18 , and in Francisella tularensis, which loses its ability to cause tularaemia when lacking TrkH 19 . We crystallized and solved the structure of a TrkH from V. parahaemolyticus (hereafter VpTrkH).
Function of VpTrkH
VpTrkH was expressed and purified to homogeneity. The purified VpTrkH eluted as a single symmetrical peak on a size-exclusion column ( Supplementary Fig. 2a ), and by combining the size-exclusion chromatography with light scattering and refractive index measurements, the molecular mass of the purified protein was estimated to be approximately 100 kDa. Because the molecular mass of each VpTrkH protomer is approximately 54 kDa, the detergent-solubilized VpTrkH is a homodimer. The homodimeric quaternary assembly was further verified by running the protein on an SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gel after incubation with covalent crosslinkers, which produced a band roughly twice the molecular mass ( Supplementary Fig. 2b ). Dimeric assembly has also been reported for the KtrB protein from Bacillus subtilis 20,21 , a protein closely related to VpTrkH.
Because VpTrkH had not been functionally characterized, we proceeded to measure its function in two experiments. First, the VptrkH gene was introduced into an E. coli strain, LB650 (ref. 18) , that lacks both the trkG and trkH genes. LB650 cells have a slow growth phenotype in media with less than 5 mM K 1 , and expression of VpTrkH rescued the growth of these cells ( Supplementary Fig. 2c ), suggesting that VpTrkH mediates K 1 uptake. Second, purified and detergentsolubilized VpTrkH protein was reconstituted into liposomes, and K 1 permeation was measured indirectly by monitoring uptake of radioactive 86 Rb 1 (refs 17, 22) . In this experiment, the proteoliposomes contain a high internal concentration of K 1 and are diluted into an external solution with a low concentration of K 1 and a trace amount of radioactive 86 Rb 1 . Efflux of K 1 down its chemical gradient via VpTrkH creates an electrical potential across the bilayer that drives uptake of 86 Rb 1 , an ion that is known to permeate K 1 channels. Uptake of 86 Rb 1 was observed only in vesicles reconstituted with VpTrkH ( Fig. 1a ), indicating that VpTrkH is permeable to both K 1 and Rb 1 . Further experiments showed that 86 Rb 1 uptake is inhibited by external K 1 or Rb 1 but relatively unaffected by the presence of Na 1 or Li 1 in the external solution ( Fig. 1b) . These results indicate that, despite the weak conservation of its signature sequence, VpTrkH exhibits selectivity for K 1 and Rb 1 over Na 1 and Li 1 . In addition, they also suggest that VpTrkH is capable of mediating facilitated diffusion of K 1 driven by an electrochemical gradient.
Overall structure
Crystals of both native and selenomethionine-substituted VpTrkH were grown under oil by the microbatch method, and the best native protein crystals diffracted to 3.5 Å and belonged to the space group P2 1 2 1 2 1 (Supplementary Table 1 ). Initial phases were obtained by single-wavelength anomalous diffraction 23 using a selenomethionine substituted VpTrkH crystal. The building and refinement of the structural model were facilitated by the presence of a twofold noncrystallographic symmetry (NCS) axis and the positions of the selenium atoms. The final refined model contains residues 1-157, 174-484 and one K 1 per subunit. The region encompassing residues 158-173, which is a loop between two transmembrane helices, is disordered.
Each asymmetric unit contains a dimer of VpTrkH protomers related by a twofold symmetry axis perpendicular to the plane of the membrane. Their amino (N) and carboxy (C) termini both probably reside on the cytoplasmic side as inferred from the experimentally determined topology of a highly homologous TrkH protein from E. coli 24 . Two views of the dimer are shown in Fig. 1c, d . Viewed along the twofold axis from the extracellular side, the dimer has a parallelogram shape with sides of approximately 85 and 43 Å . Along the twofold axis, vpTrkH is approximately 47 Å thick. Stereo views of the VpTrkH dimer in three orientations are shown in Supplementary Fig. 3a 
Each VpTrkH protomer is composed of five domains, defined sequentially from the N terminus to the C terminus as D0 to D4 ( Fig. 1e and Supplementary Figs 1 and 3b, d) . D0, which is found only in the TrkH/TrkG subfamily of SKT proteins, has two transmembrane segments. D1 to D4 each have a K 1 -channel-like M1-P-M2 topology, although the M2 helices of D2 to D4 are composed of two shorter ones ( Fig. 2a ). The secondary structure of each P-loop also resembles that of a K 1 channel, composed of a half membrane-spanning helix, the pore helix, followed by an extended loop that forms the selectivity filter. D1 to D4 assemble around a pseudo-fourfold symmetry axis to form an ion permeation pathway; when observed from the extracellular side along the pseudo-fourfold axis, they are arranged in an anticlockwise direction ( Supplementary Fig. 3b ). An extensive dimer interface is composed of helices from D3 and D4, with a buried surface of 2,225 Å 2 per protomer. There is a hydrophobic cavity in the middle of the interface, but it is sealed off from the aqueous medium by two layers of hydrophobic residues on both sides of the membrane ( Supplementary Fig. 4 ). The ion permeation pathway, which is contained within each protomer, has an hourglass shape and two salient features: a selectivity filter and an intramembrane loop ( Fig. 2b ).
Selectivity filter
The selectivity filter is surrounded by the four pore helices, which are arranged with the negative ends of their helix-dipole moments pointing to the middle of the membrane ( Supplementary Fig. 5 ). A similar arrangement of pore helices is present in K 1 channels, and its role in 
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minimizing the free energy of a permeating cation has been discussed for the KcsA K 1 channel 11, 25 . The four selectivity filter signature sequences are located on the P-loops (Fig. 3a) , and these elements come together to form the selectivity filter (omit map in Fig. 3b and Supplementary Fig. 6a , 2F o 2 F c map in Supplementary Fig. 6b ). Compared with those of K 1 channels, the selectivity filter has a wider opening on the extracellular side and a much shorter constricted region where K 1 is coordinated (Fig. 3c, d and Supplementary Figs 6c and 7) . In the constricted region, mainchain and side-chain oxygen atoms form stacks of oxygen rings that could coordinate and stabilize dehydrated K 1 , a feature that is preserved from the K 1 channels. In an F o 2 F c map calculated with K 1 omitted, two peaks of positive electron density appear in the filter ( Fig. 3d and Supplementary Fig. 7a ), which we call the upper and lower site and interpret as potential positions where K 1 binds. Owing to the modest resolution of the diffraction data, we cannot unambiguously determine the contribution of K 1 to these densities, as opposed to partial contribution from water molecules or calcium ions that were included in the crystallization solution. Because Rb 1 and Ba 21 are known to occupy K 1 positions in the selectivity filter of the KcsA K 1 channel 11,26 , we took advantage of this knowledge and grew crystals in the presence of Rb 1 or Ba 21 ( Supplementary Table 1 ). Difference electron densities corresponding to Fourier coefficients F Rb 2 F K or F Ba 2 F K are shown in Fig. 3e . In both cases, a strong positive electron density peak is present in the upper site, consistent with substitution of a K 1 with a more electron dense Rb 1 or Ba 21 . The upper site lines up with site 3 (S3) in the KcsA K 1 channel, and is constructed entirely by backbone carbonyl oxygen atoms ( Fig. 3c and Supplementary Fig. 6c ). In the KcsA K 1 channels, Rb 1 does not occupy every K 1 binding site in the selectivity filter, and Rb 1 permeates with a much slower rate than K 1 (refs 27, 28) . A slower rate of Rb 1 uptake was also observed by TrkH in E. coli 29 . Therefore, we postulate that the lower peak in the K 1 difference map, which aligns with S4 in KcsA, could potentially be a K 1 binding site ( Fig. 3d and Supplementary Fig. 7) , although there was no density at this location in either the Rb 1 or Ba 21 difference maps.
Although only one binding site has been confirmed by heavy atoms and modelled into the structure, the limited resolution of the data probably reduced our ability to observe more. Comparison with the KcsA structure suggests that the selectivity filter could potentially accommodate a maximum of three K 1 binding sites without requiring a substantial structural change. In addition to the confirmed site and the possible site corresponding to S4 in KcsA, the backbone carbonyls from the highly conserved glycine residues form a ring of oxygen atoms above the confirmed ion-binding site, and could potentially form another K 1 binding site that would line up with S2 in KcsA ( Fig. 3d and Supplementary Fig. 7 ). The S1 site is lost because of the widening of the selectivity filter in TrkH. This is not wholly unexpected owing to the selectivity filter regions (underlined) and pore helices (box) in VpTrkH with the selectivity filter of the KcsA K 1 channel. The highly conserved glycine residue is marked in red. b, c, The selectivity filter with domain 2 removed, shown with b an NCS-averaged, simulated annealing omit map calculated with six residues from each selectivity filter omitted, contoured at 1s, or c the coordination geometry of the K 1 (green sphere) highlighted. d, D1 and D3 from the K 1 structure are shown with F o 2 F c electron density calculated without K 1 in the model and contoured at 3.5s. The filter of KcsA is shown on the right for comparison. e, Ion-binding sites in the selectivity filter. Ba 21 (left) and Rb 1 (right) (F o(ion) 2 F o(K) ) difference Fourier maps are shown contoured at 6.0 and 3.5s levels, respectively, calculated using phases from the K 1 structure. The stick models are D1 and D3 from the K 1 structure. 
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the differences in the selectivity filter sequence between TrkH and KcsA: the second glycine residue in the signature sequence of K 1 channels is not conserved in TrkH (Fig. 3a) , and in the high-resolution KcsA structure 30 the backbone torsion angles of this residue lie in an unfavourable region of the Ramachandran plot for non-glycine residues. Regardless of the number of sites, the structure shows that at least one dehydrated K 1 binds to VpTrkH through coordination by oxygen atoms in a manner similar to a K 1 channel. Further experiments are needed to measure more accurately the occupancy of K 1 and whether VpTrkH exhibits the high selectivity characteristic of K 1 channels. In addition, because the four-site configuration is crucial for a high K 1 throughput in K 1 channels 27,31 , we conjecture that VpTrkH, if it operates by a channel-like mechanism, conducts K 1 with a lower throughput.
The ion permeation pathway
Although each protomer forms a continuous pore, a K 1 permeating from the extracellular side encounters a barrier shortly after it exits the selectivity filter (Fig. 2c) . The barrier is composed of two elements: Arg 468 from the second transmembrane segment of domain 4 (D4M2), and an intramembrane circular loop between D3M2a and D3M2b (Figs 2b and 4a ). This is a unique feature and is not observed in any known K 1 channel structures. Arg 468 is conserved in almost all bacterial SKT proteins. The guanidinium group points towards the centre of the permeation pathway and is approximately 3.1 Å away from the backbone carbonyl oxygen atom of Gly 353, which is part of the intramembrane loop formed by Gly 346 to Lys 357 (Fig. 4a ). This loop is present in all TrkH, TrkG and KtrB families, is rich in glycine and other small residues such as alanine and serine, and contains several highly conserved residues ( Supplementary Figs 1 and 8 ). In addition, Glu 470, another highly conserved residue on D4M2, is close to Lys 357 in the loop and Arg 360 in D3M2b: a carboxylate oxygen on Glu 470 is 3.7 and 3.5 Å away from the terminal nitrogens of Lys 357 and Arg 360, respectively. These electrostatic interactions probably further stabilize the position of the intramembrane loop ( Fig. 4b and Supplementary  Fig. 9 ).
The narrow constriction formed by Arg 468 and the intramembrane loop has to widen for a K 1 to reach the intracellular side. To understand further the role of Arg 468 in K 1 permeation, we substituted it with an alanine and reconstituted the R468A mutant protein into liposomes. 86 Rb 1 flux was then measured both for the wild type and for the R468A mutant in side-by-side experiments. Tracer uptake by the R468A mutant is significantly faster than that by the wild type (Fig. 4c) , consistent with the observation that R468 occludes K 1 permeation. An earlier study showed that mutating the equivalent of Arg 468 in a KtrB reduces K 1 uptake in E. coli 32 , which seems to contradict our functional results and the role of Arg 468 inferred from the structure. However, because the KrtB mutant was assayed in vivo, additional factors such expression levels or association with auxiliary proteins could have affected the measurement. As for the role of the intramembrane loop, a recent study showed that various deletions of the corresponding loop in a KtrB significantly increase K 1 transport activity 33 , consistent with its position shown by the structure.
Discussion
The pseudo-symmetry arising from duplication of an ancestral channel that is observed in the SKT family is not unique among ion channel/ transporter families. In the animal kingdom, gene fusion or duplication of a more complex potassium channel, the voltage-dependent K 1 channel (K v ), generated voltage-dependent Na 1 and Ca 21 channels (Na v and Ca v , respectively) 34, 35 . Similar to the SKT proteins, four pseudo-subunits of K v channels are expressed as a single polypeptide chain in the Na v and Ca v channels, although the domains are assembled in a clockwise direction when viewed from the extracellular side 36, 37 in contrast to the anticlockwise orientation observed in VpTrkH. The pseudo-fourfold symmetry in VpTrkH is strongest at the ion-binding sites in the selectivity filter region, where each domain contributes similarly to coordination of a K 1 . However, the symmetry starts to break down outside the selectivity filter where the pore helices vary in length and form different angles with the membrane norm, and the symmetry becomes considerably weaker for the M1 and M2 helices from different homologous domains. Especially notable is D3, which contains the intramembrane loop and the tilted D3M2b helix, and therefore is expected to contribute to gating of the permeation pathway more than the other domains. It is probable that in Na v and Ca v channels, the fourfold symmetry is maintained at the selectivity region for coordination of permeating ions but gradually breaks down so that the voltage-sensing modules and the connected gating machinery of a particular pseudosubunit may contribute more than the others.
TrkH/TrkG and KtrB assemble with the cytosolic adenine nucleotidebinding proteins TrkA 38, 39 and KtrA 40 , respectively. KtrA forms a ring and can undergo significant conformational changes upon binding to, or changes in the oxidation state of, ligands such as NAD and ATP 20, 41, 42 . The ring has a twofold symmetry that matches that of the homodimeric assembly of the transmembrane subunits, and could potentially allosterically control K 1 permeation. We speculate that the dimeric assembly is required for regulation of K 1 transport by TrkA, although each protomer contains an independent ion permeation pathway. Although the structure of VpTrkH alone does not answer the question of whether TrkH operates as a channel or a transporter, it provides a framework for further studies that will reveal the molecular mechanism of K 1 uptake and its regulation by the intracellular TrkA subunit.
METHODS SUMMARY
Both native and selenomethionine-substituted VpTrkH were expressed in E. coli with a C-terminal polyhistidine tag, extracted into decylmaltoside, and purified 
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by a metal-affinity column. The proteins were further purified by size-exclusion chromatography and concentrated to 8-10 mg ml 21 for crystallization trials. Crystals were obtained by microbatch crystallization under paraffin oil. Cocrystallization with different ions was achieved by running the size-exclusion chromatography in buffers containing 150 mM of KCl or RbCl, or co-crystallization with BaCl 2 . Initial phases were obtained by single-wavelength anomalous diffraction from a 3.9-Å data set collected on selenomethionine-derivatized VpTrkH, and a 3.5-Å native data set (with K 1 ) was used for refinement of the final model. The final values of R and R free were 24.9% and 29.9%, respectively. Purified VpTrkH was reconstituted into liposomes for 86 Rb 1 flux assays as described previously 17, 22 .
